INTRODUCTION
============

Obesity results from malfunctions of the metabolic system responsible for energy homeostasis in the body. Long-term imbalance of energy leads to obesity, as well as secondary complications like diabetes and cardiovascular diseases ([@b1-e1fsa3_2012_v17n2_129]). Adipocyte differentiation is a key process in the development of obesity, as well as in normal development and function of adipose tissue. Adipose tissue has an important role not only in energy storage, but also in endocrine metabolism ([@b2-e1fsa3_2012_v17n2_129]). During adipogenesis, the cells generate a variety of biologically active molecules, including reactive oxygen species and fatty acids ([@b3-e1fsa3_2012_v17n2_129]). Recent studies have shown that ROS status is closely related to the pathogenesis and development of metabolic diseases such as obesity and diabetes ([@b4-e1fsa3_2012_v17n2_129],[@b5-e1fsa3_2012_v17n2_129]). ROS generation is generally performed by NOX4 (NADPH (nicotinamide adenine dinucleotide phosphate hydrogen oxidase 4) during metabolism in cytoplasm ([@b6-e1fsa3_2012_v17n2_129]). On the other hand, ROS scavenging enzymes such as SOD (superoxide dismutase), GPx (glutathione peroxidase), and GR (glutathione reductase) modulate excessive ROS level in the cell.

ROS status in the cell modulates cellular physiology including growth and proliferation by affecting signaling molecules ([@b3-e1fsa3_2012_v17n2_129]).

PPARγ (peroxisome proliferator-activated receptor-γ) is one of the most important adipogenic transcription factors required in adipogenesis ([@b7-e1fsa3_2012_v17n2_129]). PPARγ controls adipocyte differentiation and lipogenic expression by interacting the other transcription factors like C/EBPα (CCAAT/enhancer binding protein-α ([@b8-e1fsa3_2012_v17n2_129]). PPARγ also regulates many genes that stimulate lipid uptake and glucose metabolism in adipocytes ([@b9-e1fsa3_2012_v17n2_129]). These genes include aP2 (adipocyte protein 2), fatty acid transporter, GLUT4 (glucose transporter 4), lipoprotein lipase, and acetyl-CoA oxidase ([@b9-e1fsa3_2012_v17n2_129]).

Adiponectin is one of adipocyte-derived adipokines that affect cell physiology ([@b10-e1fsa3_2012_v17n2_129]). Its level is reduced in patients with obesity and diabetes ([@b11-e1fsa3_2012_v17n2_129]).

*Gelidium* (*G.*) *amansii* is an edible red alga which has been in common use for a long time. It is also used as an agar as well as a part of a salad in East Asia. Several studies have shown various biological activities of *G. amansii* including antitumor, cytotoxicity, immunomodulation, and antioxidant effects ([@b1-e1fsa3_2012_v17n2_129]--[@b4-e1fsa3_2012_v17n2_129],[@b12-e1fsa3_2012_v17n2_129]--[@b14-e1fsa3_2012_v17n2_129]).

However, the ROS-reducing and anti-adipogenic effect of *G. amansii* has not been investigated. In this study, we show that *G. amansii* extract inhibits lipid accumulation by suppressing adipogenic factors and reduces ROS production by controlling antioxidant enzymes and oxidant enzyme during adipogenesis in 3T3-L1 cells.

MATERIALS AND METHODS
=====================

Materials
---------

80% ethanol extract of *G. amansii* was purchased from Jehihidi (Jeju, Korea). Dulbecco's modified Eagle's medium (DMEM), bovine calf serum (BCS), fetal bovine serum (FBS), penicillin-streptomycin (P/S), phosphate buffered saline (PBS), and trypsin-EDTA were purchased from Gibco (Gaithersburg, MD, USA). Dexamethasone (DEX), 3-isobutyl-1-methylxanthine (IBMX), insulin, Oil red O, nitroblue tetrazolium (NBT), and N-acetyl cystein (NAC) were purchased from Sigma (St. Louis, MO, USA). Unless noted, all chemicals also were purchased from Sigma Chemical Co.

Cell culture
------------

3T3-L1 preadipocyes obtained from American Type Culture Collection (ATCC, CL-173) were cultured, maintained, and differentiated as described by Lee et al. ([@b15-e1fsa3_2012_v17n2_129]). Briefly, cells were plated and grown in DMEM with 3.7 g/L sodium bicarbonate, 1% P/S and 10% BCS. Adipocyte differentiation was induced by treatment of 2 day post-confluent cells with 10% FBS and a hormonal mixture (MDI), consisting of 0.5 mM IBMX, 1.0 μM DEX and 1.67 μM insulin. Two days after the initiation of differentiation, the culture medium was replaced with DMEM supplemented with only 1.67 μM insulin and 10% FBS. This medium was then replenished every other day. For the treatments, 2 day post-confluent cells were differentiated with MDI in the presence of 1, 10, 20 and 40 μg/mL concentrations of *G. amansii* extract. Positive control sample was also treated 10mM NAC, which reduces the ROS by regulating glutathione with GPx and GR.

Determination of lipid accumulation by Oil red O staining
---------------------------------------------------------

The extent of differentiation reflected by the amount of lipid accumulation was determined at day eight by Oil red O staining. Briefly, cells were fixed in 10% formaldehyde in PBS for 1 hr, washed with distilled water, and completely dried. Cells were stained with 0.5% Oil red O solution in 60:40 (v/v) isopropanol : H~2~O for 30 min at room temperature and washed four times with water, and dried. Differentiation was also monitored under microscope and quantified by elution with isopropanol and an optical density (OD) measurement at 490 nm.

ROS production in 3T3-L1 preadipocyte
-------------------------------------

3T3-L1 preadipocytes were grown to confluence and induced to differentiate into adipocyte, as described above. ROS production was detected by NBT assay. NBT is reduced by ROS to a dark-blue, insoluble form of NBT called formazan ([@b4-e1fsa3_2012_v17n2_129]). At day 8 after induction, the cells were incubated for 90 min in PBS containing 0.2% NBT. Formazan was dissolved in 50% acetic acid, and the absorbance was determined at 570 nm.

RNA extraction and semi-quantitative RT-PCR
-------------------------------------------

Total RNA was extracted from 3T3-L1 adipocyte cells with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's protocol. RNA samples with OD~260~/OD~280~ ratios higher than 2.0 were employed for semi-quantitative RT-PCR. One microgram of total RNA was employed for the production of cDNA, using a reverse transcription-polymerase chain reaction (RT-PCR) system. The oligonucleotide primer sequence was as follows: PPARγ, sense (5′-CCAGAGTCTGCT-GATCTGCG-3′) and antisense (5′-GCCACCTCTTTG-CTCTGATC-3′), aP2, sense (5′-GACCTGGAAACTC-GTCTCCA-3′) and antisense (5′-CATGACA CATTCC-ACCACCA-3′), NOX4, sense (5′-GAAGCCCATTTG-AGGAGTCA-3′) and antisense (5′-GGGTCCACAGC-AGAAAACTC-3′), GLUT4, sense (5′-ACTGCTGAAG-ACAAGCATCC-3′) and antisense (5′-AAATGTGAGT-AGGGGCATGA-3′), adiponectin, sense (5′-CTGCAA-CATTCCGGGACTCT-3′) and antisense (5′-CCTGGT CCACATTCTTTTCC-3′) GAPDH, sense (5′-AACTTT-GGCATTGTGGAAGG-3′) and antisense (5′-ACACAT-TGGGGGTAGGAACA-3′). The PCR products were then run on 1.5% (v/v) agarose gels, stained with ethidium bromide, and photographed. The expression levels were quantified via scanning with a gel documentation and analysis system (Image J Program, NIH, Bethesda, MD, USA).

Western blot analysis
---------------------

Protein extracts (30 μg) were separated via SDS-PAGE and transferred to a nitrocellulose membrane. The membranes were then blocked and immunoblotted with primary antibodies specific for Cu/Zn-SOD, Mn-SOD, GPx, GR, GLUT4, adiponectin and GAPDH. Secondary antibodies conjugated with horseradish peroxidase (1:1000) were applied for 1 hr. The bands were visualized via enhanced chemiluminescence (ECL), and proteins were detected with LAS image software (Fuji, New York, NY, USA).

Statistical analysis
--------------------

All experiments were repeated three times. The results were statistically analyzed via ANOVA and Duncan's multiple range tests. A p-value of \<0.05 was considered statistically significant (SAS Institute, Cary, NC, USA).

RESULTS AND DISCUSSION
======================

Effect of *G. amansii* extract on cell viability of 3T3-L1 adipocytes
---------------------------------------------------------------------

The *G. amansii* extract didn't show any toxicity to the 3T3-L1 cells within the experimental range of concentrations ([Fig. 1](#f1-e1fsa3_2012_v17n2_129){ref-type="fig"}). We performed the subsequent experiments with concentrations less than 50 μg/mL of *G. amansii* extract.

Effect of *G. amansii* extract on intracellular lipid accumulation and ROS production during differentiation
------------------------------------------------------------------------------------------------------------

The effect of *G. amansii* extract on lipid accumulation was evaluated by Oil red O staining. The level of stained lipids was significantly decreased in a dose-dependent manner in the groups treated with the *G. amansii* extract ([Fig. 2A](#f2-e1fsa3_2012_v17n2_129){ref-type="fig"}). The 40 μg/mL concentration showed a 75% decrease in oil drop staining when compared to that of the control ([Fig. 2](#f2-e1fsa3_2012_v17n2_129){ref-type="fig"}). Our data shows that *G. amansii* extract inhibits lipid accumulation during differentiation in adipocyte. The NBT assay was performed to analyze the effect of *G. amansii* extract on ROS generation in the cells. *G. amansii* extract dose-dependently decreased formazan formation compared to that of the control ([Fig. 2B](#f2-e1fsa3_2012_v17n2_129){ref-type="fig"}), suggesting a significant effect of the extract on ROS production.

Thus, we observed an inhibitory effect of the *G. amansii* extract on lipid accumulation and ROS production.

Effect of *G. amansii* extract on PPARγ and aP2 mRNA expressions during differentiation
---------------------------------------------------------------------------------------

To understand the molecular events of the inhibitory effect of *G. amansii* extract on lipid accumulation, we determined mRNA levels of PPARγ, a major adipogenic transcription factor, and ap2, a fatty acid binding protein. *G. amansii* extract markedly inhibited PPARγ and ap2 mRNA expression ([Fig. 3A and B](#f3-e1fsa3_2012_v17n2_129){ref-type="fig"}). Down-regulation of ap2 may be due to the reduction of PPARγ mRNA expression because ap2 is a major target gene of PPARγ. This result suggests that *G. amansii* extract inhibits adipocyte differentiation by decreasing the expression of PPARγ and aP2. However, PPARγ is not only factor necessary for adipogenesis. There are other downstream and upstream factors, including C/EBP (CCAAT/enhancer binding protein). C/EBPβ and C/EBPδ are expressed during the early phase of adipogenesis and induce expression of PPARγ and C/EBPα, which are present at the next stage of adipogensis ([@b8-e1fsa3_2012_v17n2_129]). C/EBPα is required for normal adipogenesis by interacting with PPARγ ([@b8-e1fsa3_2012_v17n2_129]).

In addition, lipid synthesis is associated with many other genes in metabolism. For example, DGAT (diacyl-glycerolacyltransferase) and lipin1 (phosphatidic acid phosphatase) are involved in lipid accumulation by catalyzing the TAG synthesis pathway ([@b16-e1fsa3_2012_v17n2_129]). Thus, an analysis of these genes should be conducted to better understand the effect of the *G. amansii* extract on lipid accumulation.

Effect of *G. amansii* extract on ROS regulating mRNA and proteins during differentiation
-----------------------------------------------------------------------------------------

ROS generation is selectively enhanced in adipocytes to play an important role in lipid accumulation ([@b17-e1fsa3_2012_v17n2_129]). Oxidative stress in adipocytes by ROS is one of the major factors associated with metabolic diseases and cell damage ([@b18-e1fsa3_2012_v17n2_129]). NOX4 is a transmembrane enzyme that produces ROS in the cytosol by using NADPH. We examined the inhibitory effect of the *G. amansii* extract on ROS production by determining NOX4 mRNA levels. NOX4 mRNA expression in *G. amansii* extract 40 μg/mL treatment group was greatly reduced (\~90%) compared with control group. This data indicates that *G. amansii* extract inhibits ROS production by downregulating the NOX4 gene during adipogenesis. Moreover, we evaluated the effect of the extract on the expression of ROS scavenging enzymes such as SOD1, SOD2, Gpx, and GR, which are in charge of ROS elimination from the cytoplasm and mitochondria in the cell. SOD1 and SOD2 are major enzymes that remove ROS by converting O^−^ (superoxide) to hydrogen peroxide in the cytoplasm. Gpx and GR also play an important role in the ROS decrease by participating in the chain reaction to generate NADPH. At concentrations of 20 or 40 μg/mL, the extract greatly increased the levels of these ROS scavenging proteins, compared with the effects of the control group ([Fig. 5](#f5-e1fsa3_2012_v17n2_129){ref-type="fig"}). This result shows that up-regulation of ROS scavenging enzymes leads to the inhibition of ROS production. Taken together, these data indicate that *G. amansii* extract suppresses ROS production, and protects the cells against oxidative stress by activating ROS-scavenging enzymes and inhibiting an ROS-producing gene.

However, the inhibitory effect of *G. amansii* extract on the ROS-regulating enzymes ([Fig. 4](#f4-e1fsa3_2012_v17n2_129){ref-type="fig"}) was not completely reflected in the result from NBT assay, which showed 25% ROS inhibition ([Fig. 2](#f2-e1fsa3_2012_v17n2_129){ref-type="fig"}), suggesting that the ROS regulation is much more complicated and that other genes may be associated in the counter-inhibition of ROS generation.

Effect of *G. amansii* extract on protein expressions of GLUT4 and adiponectin during differentiation
-----------------------------------------------------------------------------------------------------

We further determined adiponectin and GLUT4 protein levels in 3T3-L1 cells in the presence of the *G. amansii* extract ([Fig. 6(A)](#f6-e1fsa3_2012_v17n2_129){ref-type="fig"}). GLUT4, a glucose uptake protein, is stimulated by insulin, and translocates to the cell membrane to uptake the glucose. The downgraded function of GLUT4 results in insulin resistance, which is closely associated to obesity ([@b19-e1fsa3_2012_v17n2_129]). Adiponectin is reported to be downregulated in insulin resistance and obesity, and modulates glucose regulation and insulin sensitivity ([@b11-e1fsa3_2012_v17n2_129]) ([Fig. 6(B)](#f6-e1fsa3_2012_v17n2_129){ref-type="fig"}). Adiponectin has shown to be at lower levels in patients with diabetes and obesity ([@b19-e1fsa3_2012_v17n2_129]); however, Fu et al. showed that adiponectin promotes adipocyte differentiation ([@b20-e1fsa3_2012_v17n2_129]), and Kusminski et al. reported that an increase in adiponectin level is accompanied by the treatment of PPARγ agonist ([@b21-e1fsa3_2012_v17n2_129]). The mechanistic action of adiponectin is still being debated. Our data shows that GLUT4 and adiponectin protein expression in the *G. amansii* extract treatment group was significantly increased compared with control group. Its increasing behavior showed a dose-dependent manner up to a concentration of 20 μg/mL. However, the expression of both proteins decreased in samples receiving 40 μg/mL of extract. In particular, our adiponectin result was the opposite of some studies ([@b20-e1fsa3_2012_v17n2_129],[@b21-e1fsa3_2012_v17n2_129]). Further study will be performed for precise understanding on the physiological effect and action of adiponectin.

Collectively, these data indicate that *G. amansii* extract provides favorable conditions, such as insulin sensitivity of the cell, by upregulating GLUT4 and adiponectin.

There are very few studies on the biological activity of *G. amansii*. Yue-Hwa et al. showed the anti-proliferative effect of *G. amansii* on hepatoma and fibroblast cells ([@b22-e1fsa3_2012_v17n2_129]); however, there is no data on bioactive compounds isolated from *G. amansii.* A couple of compounds from other seaweeds have been studied, including polysaccharides and polyphenols. A polysaccharide, fucoidan, and a carotenoid, fucoxanthin, from brown algae have been shown to inhibit lipid accumulation in 3T3-L1 ([@b23-e1fsa3_2012_v17n2_129],[@b24-e1fsa3_2012_v17n2_129]). On the other hand, pigments from red alga such as chlorophyll α, β-carotene and lutein are involved in the anti-mutagenesis effects ([@b25-e1fsa3_2012_v17n2_129]). Among these compounds, pigments except for fucoidan can be obtained by solvent exraction, and fucoxanthin could be potential candidates because of their similar extraction and biological activity.

In conclusion, this study showed an inhibitory effect of a red alga, *G. amansii,* on the lipid accumulation and ROS production at the molecular level. Our data suggested that ROS suppression through ROS-related gene regulation could lead to the anti-adipogenic effect of a *G. amansii* extract through inhibition of adipogenic gene expression. This study will be useful for developing various commercial products, including an edible anti-obesity agent from marine resources.
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![Effect of *Gelidium amansii* on cell viability of 3T3-L1 adipocytes. 3T3-L1 adipocyte were cultured for a day and treated *Gelidium amansii* (1, 10, 20, 40, 80 and 100 μg/mL). XTT reagent treat after 24 hour and measure at 450 nm after incubate 4 hours. These data were measured as the standard deviation of six replicates. Means in the same column not sharing a common letter (a,b) are significantly different (p\<0.05) based on Duncan's multiple range test.](e1fsa3_2012_v17n2_129f1){#f1-e1fsa3_2012_v17n2_129}

![Effect of *Gelidium amansii* has inhibiting lipid accumulation (A) and ROS production (B) in 3T3-L1 cells during adipogenesis. 3T3-L1 adipocyte were cultured during differentiation (for 8 days) treatments with NAC (10 mM), *Gelidium amansii* (1, 10, 20 and 40 μg/mL). These result express lipid accumulation and ROS production during the differentiation of the 3T3-L1 adipocyte. Oil red O staining to measure lipid accumulation was determined by using Oil red O reagent and absorbance at 490 nm. NBT assay to measure ROS production was determined by using nitrotetrazolium blue chloride (TLC) and absorbance at 570 nm. These data were measured as the standard deviation of three replicates. Means in the same column not sharing a common letter (a--e, a--d) are significantly different (p\<0.05) based on Duncan's multiple range test.](e1fsa3_2012_v17n2_129f2){#f2-e1fsa3_2012_v17n2_129}

![Effect of *Gelidium amansii* on the mRNA expression of PPARγ and aP2. 3T3-L1 adipocyte were cultured during differentiation (for 8 days) treatments with NAC (10 mM), *Gelidium amansii* (1, 10, 20 and 40 μg/mL). Total cellular RNA was extracted on day 8 and performed RT-PCR. Gene expression of PPARγ and aP2 were quantified and normalized with GAPDH. These data were measured as the standard deviation of three replicates. Means in the same column not sharing a common letter (a--d, a--e) are significantly different (p\<0.05) based on Duncan's multiple range test.](e1fsa3_2012_v17n2_129f3){#f3-e1fsa3_2012_v17n2_129}

![Effect of *Gelidium amansii* on the mRNA expression of NOX4. 3T3-L1 adipocyte were cultured during differentiation (for 8 days) treatments with NAC (10 mM), *Gelidium amansii* (1, 10, 20 and 40 μg/mL). Total cellular RNA was extracted on day 8 and performed RT-PCR. Gene expression of NOX4 was quantified and normalized with GAPDH. These data were measured as the standard deviation of three replicates. Means in the same column not sharing a common letter (a--e) are significantly different (p\<0.05) based on Duncan's multiple range test.](e1fsa3_2012_v17n2_129f4){#f4-e1fsa3_2012_v17n2_129}

![Effect of *Gelidium amansii* on the protein expression of SOD1, SOD2, GPx and GR. 3T3-L1 adipocyte were cultured during differentiation (for 8 days) treatments with NAC (10 mM), *Gelidium amansii* (1, 10, 20 and 40 μg/mL). Data are representative of three independent experiments, and GAPDH and target protein signals were from one representative blot. Individual antibodies were applied after stripping the membrane continuously. Less GAPDH amounts in control or NAC group were seems to be due to the technical error in loading. Means in the same column not sharing a common letter (a--c, a--d) are significantly different (p\<0.05) based on Duncan's multiple range test.](e1fsa3_2012_v17n2_129f5){#f5-e1fsa3_2012_v17n2_129}

![Effect of *Gelidium amansii* on the protein expression of GLUT4 and adiponectin. 3T3-L1 adipocyte were cultured during differentiation (for 8 days) treatments with NAC (10 mM), *Gelidium amansii* (1, 10, 20 μg/mL). Total cellular protein was extracted on day 8 and performed western blotting. Protein expression of GLUT4 and Adiponectin were quantified and normalized with GAPDH. Data are representative of three independent experiments, and GAPDH and target protein signals were from one representative blot. Individual antibodies were applied after stripping the membrane continuously. Less GAPDH amounts in control or NAC group were seems to be due to the technical error in loading. Means in the same column not sharing a common letter (a--c, a--b) are significantly different (p\<0.05) based on Duncan's multiple range test.](e1fsa3_2012_v17n2_129f6){#f6-e1fsa3_2012_v17n2_129}
